The Wnt/β-catenin pathway plays multiple and diverse roles in development by regulating gene expression via T-cell factor/Lymphoid enhancer-binding factor (Tcf/Lef) DNA binding factors. Misregulation of this pathway is thought to initiate colon adenoma formation. It is controversial whether Tcf4 (Tcf7L2) functions as an oncogene or tumor suppressor gene in colon carcinogenesis. We show here that Tcf4 haploinsufficiency results in colon tumor formation in a mouse tumor model that normally only develops small intestinal tumors. Further, we show that loss of Tcf4 early in development and in adult colon results in increased cell proliferation. These findings strongly suggest that Tcf4 normally modulates proliferation of the colonic epithelium and that disruption of Tcf4 activity increases proliferation, leading to colon tumorigenesis. Taken together, our in vivo studies favor a tumor suppressor function for Tcf4.
The Wnt/β-catenin pathway plays multiple and diverse roles in development by regulating gene expression via T-cell factor/Lymphoid enhancer-binding factor (Tcf/Lef) DNA binding factors. Misregulation of this pathway is thought to initiate colon adenoma formation. It is controversial whether Tcf4 (Tcf7L2) functions as an oncogene or tumor suppressor gene in colon carcinogenesis. We show here that Tcf4 haploinsufficiency results in colon tumor formation in a mouse tumor model that normally only develops small intestinal tumors. Further, we show that loss of Tcf4 early in development and in adult colon results in increased cell proliferation. These findings strongly suggest that Tcf4 normally modulates proliferation of the colonic epithelium and that disruption of Tcf4 activity increases proliferation, leading to colon tumorigenesis. Taken together, our in vivo studies favor a tumor suppressor function for Tcf4. In the absence of Wnt ligands, β-catenin is phosphorylated and targeted for degradation by Apc. Colon tumors form upon homozygous loss of APC, which allows for the accumulation of β-catenin in the nucleus where it binds and transactivates Tcf/Lef proteins (2, 3) . A number of mouse models have been developed that contain mutations in Apc, commonly associated with human colon cancer. Consistent with human FAP, mice carrying a specific mutation in the Apc gene (Apc Min ) develop intestinal tumors, but unlike human syndromes, mice rarely develop tumors in the colon (4, 5) .
The Tcf/Lef transcription factors are cell type-specific downstream effectors of the Wnt/β-catenin signaling pathway. Each contains a DNA-binding high mobility group (HMG) box, as well as an N-terminal β-catenin binding domain, and their transcriptional activity is dependent upon bound corepressors or coactivators. The different Tcf/Lef family members have variant protein structure outside of the β-catenin binding domain with variable exon composition. This likely contributes to the functional diversity and nonredundant functions of Tcf/Lef proteins (reviewed in refs. 6, 7).
Much of our understanding about Tcf/Lef function has come from the studies of model organisms. Data from Tcf4 mutant mice show a loss of proliferative cells, suggesting that Tcf4 is important for stem cell renewal in the small intestine and the general assumption that the formation of the Tcf4/β-catenin complex is cancer-promoting (8) . However, the biological function of Tcf4 has recently undergone renewed interrogation, because it has been found to be mutated in clear cell renal cell carcinoma (CCRCC), gastric carcinoma, and breast cancer (9) (10) (11) . Additionally, Tcf loss of function mutations have been found in primary CRCs and these mutations enhance cell growth in cell lines, suggesting that Tcf4 may function as a tumor suppressor (12) (13) (14) .
Finding that Tcf4 loss of function mutations result in increased cell growth raises the possibility that the level of Tcf4 protein is important for the switch from active proliferation to terminal differentiation. In the colon, Tcf4 protein levels are lowest in the proliferative cells at the base of the crypt and higher in differentiating cells that are migrating toward the lumen (this study and ref. 15) . Similar expression domains are characteristic of other factors implicated in promoting differentiation of the intestinal epithelium, including Caudal type homeobox 1 (Cdx1) and Apc (16, 17) . By contrast, nuclear β-catenin protein levels are in the inverse pattern, with higher levels in the proliferative compartment at the base of the crypt and decreased levels in differentiating cells, an expression pattern that correlates with cell proliferation (this study and ref. 15) .
Taken together, the experimental evidence suggests two alternative models. Tcf4 could be required for progenitor cell proliferation, and Tcf4 loss would result in a loss of the proliferative cell compartment. Alternatively, Tcf4 could be required for modulating proliferation, and Tcf4 loss would force continued proliferation. To test these models, we have chosen to reexamine Tcf4 function in the mouse. We have developed and characterized a unique Tcf4 allele that resembles the loss of function mutations found in human CRC. With this system, we have defined a role for Tcf4 function in controlling intestinal cell proliferation throughout the gut, both during embryogenesis and in adult colon epithelium. Further, we show that as in human CRC, Tcf4 haploinsufficiency in combination with Apc mutation strongly enhances colon tumor formation. Taken together, our data support a tumor suppressor function for Tcf4 in colon neoplasia.
Results
Model of Tcf4 Function. Fig. 1 illustrates a model for the role of Tcf4 in the maintenance of intestinal epithelium homeostasis and colon adenoma tumorigenesis. This model is based on the expression pattern of Tcf4 in the intestinal crypt/villus axis, the role of Tcf4 in the formation of the intestinal epithelium during embryogenesis, and studies of the function of Tcf4 in colon adenoma tumors. The principle feature of the model is that low Tcf4 protein levels favor normal intestinal epithelial and adenoma cell proliferation and thus qualify Tcf4 as a tumor suppressor, whereas high levels of Tcf4 protein promote epithelial cell differentiation. The reason for presenting the model first is that it forms the framework for integrating the results we present on the role of Tcf4 in normal and pathological intestinal etiology.
Tcf4 was replaced with an EGFP-Cre recombinase fusion (Tcf4 Cre ; Fig. S1A ). Importantly, this exon is also targeted with nonsense and frameshift mutation in human colorectal tumors (12, 13) . To allow conditional disruption of Tcf4, we also generated an exon 1 floxed allele (Tcf4 Lox ; Fig. S1B ). Cre mice with Rosa mTmG reporter mice, expressing membrane-targeted Tomato fluorescent protein (mTom) before Cre-dependent recombination and membrane-targeted green fluorescent protein (mGFP) following Cre recombination (18) . The figure illustrates the broad cell lineage contribution of Tcf4 during embryonic development, including in the intestinal epithelial lining. In newborn Tcf4
Cre Rosa mTmG mice, we observe that intestinal and colonic epithelial cells show Tcf4 lineage (Fig.  S1D) . In 6-month-old Tcf4
Cre Rosa mTmG mice, Tcf4 lineage is found in many organs (Fig. S2) (19) .
Loss of Tcf4 Results in Necrosis Throughout the Small Intestine and
Colon. At birth, homozygous Tcf4
Cre/Cre , Tcf4 Cre/Δ , Tcf4 Δ/Δ , and Tcf4
Cre/lox mice are not viable, lack milk in their stomachs, and are on average 21 ± 8% smaller by weight than their Tcf4 Het or Tcf4
WT littermates ( Fig. 2A) . Further, there is no Tcf4 protein present in these mutants, as shown by the lack of immunohistochemical Tcf4 antibody staining of small intestine and colon isolated from E16.5 Tcf4
Null embryos (Fig. S3 ). The intestine and colon of Tcf4
Null mice are fragile and meconium that is normally compact and located distally within the gut is diffuse throughout the colon (Fig. 2B) . Histological analysis demonstrated disrupted small intestinal and colonic architecture, decreased epithelial cells, and the absence of crypt structures compared with Tcf4
Het or wild-type mice (Figs. 2 C-J, and Fig. S4 A-H) . We characterized epithelial cell morphology in the Tcf4
Null by following Tcf4 lineage marked by mGFP. In the small intestine, Tcf4 deletion results in epithelial cell morphology changes consistent with necrosis as shown by the loss of the basal and lateral domain of the epithelial cells and the thickening of the apical domain ( Fig. S4 A and B ; white arrows) (20) . Necrosis is apparent throughout the crypt/villus axis. In the colon, large masses of necrotic cells are apparent as well as abnormal crypt morphology and the lack of Tcf4 lineage-positive cells in the crypt (Fig. 2 C and D) . This gross necrosis affects all cell types throughout the intestine, enteroendocrine and goblet cells are absent throughout the small intestine ( One prediction of our model is that loss of Tcf4 would result in increased proliferation. However, proliferative cells are completely absent in the small intestine of Tcf4
Null newborn mice ( Fig. S4 G and H), whereas in the colon, the number of proliferative cells is reduced compared with heterozygous newborn mice ( Fig. 2 I and J) . Overall, Tcf4 loss affects all cell types throughout the small intestine and colon. It is likely that loss of Tcf4 initiates a cascade of events ultimately resulting in gross intestinal necrosis.
Loss of Tcf4 Results in Increased Proliferation in the Intestine of E13.5
Embryos. In our model, we predict that loss of Tcf4 should result in increased proliferation. The intestinal defects in Tcf4 To further characterize the role of Tcf4 in the intestinal epithelium, we examined E13.5 embryos just at the beginning of the conversion of undifferentiated endoderm into simple columnar epithelium that occurs between E13.5 and E18.5. We found that in the intestines of E13.5 Tcf4
Het and Tcf4 Null embryos, Tcf4 lineage-positive epithelial progenitors are present along with un- Null mice die within 24 h of birth and lack a milk spot (white arrows). (B) Intestines isolated from Tcf4
Null mice have a distended duodenum (red arrows) and diffuse meconium (black arrows) compared with the intestines of Tcf4
Het newborn mice. The effects of loss of Tcf4 during intestinal development were analyzed in both Tcf4
Het and Tcf4 Null mice. (C and D) Tcf4 lineage marks the membranes of epithelial cells in cryosections of newborn colon. Red arrow denotes large masses of fluorescent dead cells in the lumen and yellow arrows mark the loss of Tcf4 lineage and crypt structure in mutant crypts (crypts outlined in blue). Loss of Tcf4 impairs enteroendocrine and goblet cell differentiation throughout the gut. Staining of newborn colons with anti-chromogranin A (E and F; enteroendocrine; white arrows) and UEA-1 (G and H; goblet cells; yellow arrows). (I and J) K i -67 staining marks proliferative cells in the colon of newborn mice. Yellow arrows mark crypts and red arrows mark background peroxidase staining of necrotic cells (scale bar, 10 μm). differentiated endodermal cells. We analyzed the ratio of Tcf4 lineage-positive cells (mGFP-positive) to total cells within the epithelial layer (mGFP plus mTom-positive; Fig. 3A) . Surprisingly, we found that lineage-negative cells had almost completely been converted to Tcf4 lineage-positive cells in the intestines of Tcf4
Null embryos (mean, 90%; P = 2.7 × 10 −5 ), whereas far fewer cells had been converted in Tcf4
Het embryos (mean, 58%). To test if this increase in Tcf4 expressing cells reflected increased proliferation in these cells, we stained with Phospho histone H3 (Phh3) antibody and for bromouridine (BrdU) incorporation to analyze cells that are actively in mitosis or that have passed through the S phase of the cell cycle, respectively (Fig. 3 B and C) . Consistent with increased proliferation of the Tcf4 lineage in Tcf4
Null E13.5 embryos, we found 25-33% increases in proliferative cells (P = 0.002; Phh3, 33%; BrdU, 25%). This increase in proliferation was not maintained and by E14.5 we saw similar levels of Tcf4 lineage in Tcf4
Null embryos and proliferation slowed to wild-type levels; however, there were still significantly more cells actively in mitosis (Fig. S5 A-C) . These data suggests that in the absence of Tcf4 protein, there is excessive epithelial cell proliferation leading to exhaustion of the system by E16.5.
Conditional Loss of Tcf4 Results in Enlarged Crypts but Is Not
Sufficient for Colon Tumor Initiation. We next wanted to test whether complete loss of Tcf4 results in increased proliferation in the adult colon, a difficult question to address because Tcf4 loss in Tcf4 expressing cells is lethal. To address this question, we used a Tcf4
CreNeo/lox line to conditionally delete Tcf4 in a subpopulation of Tcf4 expressing cells (Tcf4 NeoNull ), because the presence of Neo results in reduced numbers of Cre expressing cells throughout the animal, conveniently providing a hypomorphic allele (21) . The Tcf4
NeoNull animals are on average 21% smaller than their littermates (n = 5; P 2 = 0.0001). In the colon of Tcf4 CreNeo/+ (Tcf4 NeoHet ) adult mice, Cre expression is reduced to <1% of the total number of Tcf4-positive cells in the Tcf4
Het in the absence of neo. The Tcf4 NeoCre lineage is dispersed throughout the length of the colon.
Dysplastic aberrant crypt foci (ACF) are generally accepted as the earliest CRC lesions. In Tcf4
NeoNull mice, we analyzed colon
Lox recombination. Recombined cells were not dysplastic and did not form detectable tumors (Fig. 4A) . ACF are subcategorized as hyperplastic or dysplastic based on defining histological features (reviewed in ref. 22) . One characteristic of ACF with hyperplasia is enlarged crypts. To directly determine whether Tcf4 loss results in increased proliferation and enlarged crypts, we isolated intact crypts from Tcf4
NeoNull animals and compared Tcf4 NeoCre lineage-positive crypts ( Fig. 4B ; Tcf4 Null crypts, white lines) to adjacent lineage-negative crypts ( Fig.  4B ; Tcf4 Het Crypts; yellow lines). Consistent with ACF with hyperplasia, we found that Tcf4 Null crypts are enlarged compared with adjacent Tcf4 Het crypts (Fig. 4B) .
Our Null crypts and dotted yellow lines encircle Tcf4
Het crypts. P 2 -values calculated using paired two-sample t test for means (scale bar, 50 μm).
isolated from Tcf4
NeoNull mice collected 18 h after EdU injection (Fig. 4B, yellow arrows) . This demonstrates that cells lacking Tcf4 are still actively proliferating. Enlarged crypts coupled with the lack of tumors in Tcf4
NeoNull mice demonstrate that Tcf4 loss is sufficient for hyperplasia, but not for neoplasia at an appreciable rate, suggesting that additional genetic lesions are necessary for tumor formation. (Fig. 5 A and B) (Fig. 5C) . These data support a role for Tcf4 as a tumor suppressor.
Tcf4 lineage is found in normal colonic mucosa in the regions where proliferative progenitors and differentiated cells reside (Fig. 5D) . However, Tcf4 protein is expressed at very low levels in proliferative cells at the base of the crypt and at much higher levels in differentiated cells (Figs. 1 and 5E (15) . In mouse colon tumors, Tcf4 lineage is apparent in cells throughout the epithelial component and is absent from the stromal component (Fig.  5D ). Immunohistochemistry of Tcf4 in mouse and human colon tumors indicates similar levels of Tcf4 expression in colon epithelium and tumors ( Fig. 5 E and F) , suggesting the presence of (at least) one Tcf4 allele in tumors.
Using an antibody to the carboxyl-terminus of Apc, we found that the second allele of Apc is lost in colon tumors, consistent with loss of APC heterozygosity found in FAP and sporadic colon cancer (Fig. 5E ). β-Catenin is often found to be nuclear (active) in late human adenomas with significant dysplasia and adenocarcinomas (23) . Colon tumors isolated from Tcf4
Het Apc Min mice exhibit significant dysplasia and are possibly late adenomas. We examined the nuclear accumulation of β-catenin protein in colon tumors and found it throughout the epithelial cell in nontumor tissue and increased in the nucleus in colon tumors isolated from Tcf4
Het

Apc
Min mice (Fig. 5E ).
Tcf4
Het Apc Min mice are an in vivo model for Tcf4 mutations that recently have been identified in genome-wide sequencing of human CRC samples (12, 13) . Mutations in TCF7L2 have been found in human CRCs, including heterozygous nonsense or frameshift truncating mutations in exon 1 (Fig. 5G) . The 17-24 amino acid amino-terminal fragments lack residues important for interaction with β-catenin and this region is disordered in the hTcf4/β-catenin cocrystal structure (Fig. 5G) (13, 24) .
The presence of one intact Tcf4 allele in human CRC raises the question of whether some remaining Tcf4 protein is necessary for tumorigenesis. To test whether complete loss of Tcf4 inhibits colon tumorigenesis, we again used our Tcf4
NeoNull allele combined with the Apc Min allele to determine whether colon tumors that form when Tcf4 is heterozygous persist when Tcf4 is conditionally deleted. We found regions in these mice that were Tcf4 Null that appeared normal and did not become adenomas, likely due to the remaining wild-type Apc allele (Fig. 5H) . Further, we found polyclonal adenomas with distinct regions that were Tcf4 NeoCre lineage-positive (Tcf4 Null) and regions that were lineage-negative (Tcf4 Het), demonstrating that in the absence of Apc, functional Tcf4 was not essential for colon tumor growth (Fig. 5H ). Tcf4 is down-regulated in colon tumors isolated from Tcf4
Het Apc Min mice and we found increased expression of Tcf1 and Lef1 (Fig. 6) , whereas there was no significant change in Tcf3 expression. We also found many Tcf/Lef targets with differential expression in colon tumors isolated from Tcf4
Het
Apc
Min mice, and of these T-box transcription factor Brachyury (T), Axis inhibition protein 2 (Axin2), Cdx1, and Endothelin 1 (Edn1) have been shown to be directly occupied by Tcf4 using in vivo chromatin immunoprecipitation (26, 27) . Therefore, in colon tumors, the increased expression of Lef1 and Tcf1 suggests that loss of Tcf4 activity combined with increased Tcf1 and Lef1 activities are important for the transcriptional changes of Tcf/Lef targets in colon tumors (Fig. 6 and Datasets S1 and S2). 
Discussion
Using mouse knockout technology, we uncovered a previously undescribed role for Tcf4 in controlling epithelial cell proliferation in normal colon. Further, we showed that Tcf4 haploinsufficiency in combination with hyperactivation of the Wnt signaling pathway due to loss of Apc results in colon tumors. We suggest that Tcf4 normally functions as a tumor suppressor, mainly through modulating proliferation. The intestinal phenotype we observed following the loss of Tcf4 is consistent with the loss of the proliferative compartment in Tcf4
Hyg/Hyg mice (8) . However, our Tcf4 Null phenotype was more severe, because there was necrosis throughout the gut epithelium. The apparent disparity between Tcf4
Hyg and Tcf4
Null mouse phenotypes is likely a consequence of the region of the gene that was targeted. For the Tcf4 Hyg allele, a selection marker (Hygromycin) was inserted into the HMG DNA binding domain (8) . It has been suggested that a truncated Tcf4 isoform that lacks the DNA binding domain is expressed in targeted Tcf4
Hyg mice (28) . In support of this possibility, a semifunctional Tcf4 isoform that lacks the HMG domain and regions C-terminal to the domain has been found in the developing pituitary (29) . To circumvent the expression of such an alternate isoform, our strategy was to target exon 1 of the Tcf4 locus, to remove the splice site, and add a strong poly(A) signal. If transcription occurs from an alternate promoter, the resulting Tcf4 isoform would lack the β-catenin binding domain and would be expected to be a constitutive repressor (ΔNTcf4) (25) . The absence of any evidence of constitutive repressor activity and the lack of Tcf4 protein in the small intestine and colon of our Tcf4 Null mice suggests that the Tcf4
Cre and Tcf4 Δ alleles reflect a complete loss of Tcf4 function. Additionally, the Tcf4
Null and Tcf4 NeoNull alleles provided added parameters that allowed us to follow the Tcf4 mutant lineage during development and in adult colon. This enabled us to refine the role of Tcf4 during development, intestinal maintenance, and tumorigenesis.
Normally, between E13.5 and E18.5, the mouse gut endoderm is highly proliferative, populating the epithelial mucosa while the intestinal tract grows both in circumference and length. In wildtype E13.5 embryos, the Tcf4 lineage-negative endoderm begins to develop into Tcf4 lineage-positive epithelial cells. However, in Tcf4
Null E13.5 embryos, this induction that normally takes place over multiple days is rapidly completed, as shown by the replacement of Tcf4 lineage-negative endodermal cells by Tcf4 lineage-positive epithelial cells. These cells rapidly proliferate, as shown by BrdU and phosphorylated histone H3 staining compared with controls. Therefore, cells turn on Tcf4 Cre, become Tcf4 null, and continue to proliferate. At birth, there is a catastrophic loss of proliferative cells and differentiated cell types throughout the gut of Tcf4
Null mice. The loss of epithelium is similar to the intestinal epithelial cell depletion that follows conditional Apc loss in Apc fl/fl mice (17) . However, whether loss of Tcf4 directly affects differentiation or whether continued proliferation occurs at the expense of differentiation remains to be determined. We found that adult colonic crypts lacking Tcf4 were enlarged compared with adjacent heterozygous crypts and that there were proliferative and differentiated cell types present, suggesting that at least some proliferative cells are capable of differentiating. However, we propose that the increase in crypt size is likely due to increases in progenitor cells and partially differentiated transit amplifying cells, because terminally differentiated cells do not normally remain in the crypt; instead, they migrate and are ultimately shed into the lumen.
The Apc Min mouse has been useful for studying tumorigenesis in the small intestine, and several modifiers have been found that attenuate or enhance the Apc mutant phenotype in the mouse colon (reviewed in ref. 30) . We found that the loss of one copy of Tcf4 dramatically increased the number of colon tumors in Apc Min mice. This result was unexpected, because previous studies implicated Tcf4 in complex with β-catenin in regulating the transcription of growth promoting genes during intestinal development and CRC. However, our data are consistent with genomewide colon cancer sequencing efforts that found Tcf4 mutated in these tumors (12, 13) . Separately, Tcf4 RNAi-targeted CRC cell lines demonstrated an increase in cell growth potential, also suggesting a tumor suppressor role for Tcf4 in CRC (14) .
There is an apparent paradox in colon tumorigenesis in our model system. In CRC, β-catenin is well established as an oncogene and its activities are thought to require Tcf4, because Tcf4 is the principle family member expressed in normal colon and colon cancer cell lines. Therefore, how does β-catenin still function in the absence of Tcf4? Indeed, in colon tumors isolated from Tcf4
Het Apc Min mice, β-catenin is nuclear, suggestive of its role in transactivation of genes involved in proliferation. We propose that Lef1 and Tcf1 have distinct functions from Tcf4, where Lef1 and Tcf1 are obligate partners in the oncogenic activities of β-catenin in colon tumorigenesis. This hypothesis is supported by the increased expression of Lef1 and Tcf1 in Tcf4
Het Apc Min colon tumors. Further, Lef1 has been shown to be overexpressed in primary human colorectal tumors (31, 32) , and Tcf4 and Lef1 are differentially regulated during colon tumor progression (33) . We hypothesize that Tcf/Lef family members are fine-tuned for maintaining the equilibrium between normal epithelial cell proliferation and terminal differentiation. Therefore, Tcf/Lef members may function in distinct and opposing roles rather than overlapping roles and are essential for maintaining normal epithelial cell turnover.
Although the Wnt/β-catenin pathway and Tcf/Lef family members have been intensely studied, our data refine the roles of Tcf4 during intestinal development and colon cancer. In addition to CRC and CCRCC, Tcf7L2 polymorphisms have been associated with diabetes, breast cancer, and gastric carcinoma (9, 10, 34) . Understanding the role of Tcf4 in normal epithelial cell proliferation and tumor formation provides insights into the etiology of CRC and invaluable information essential for evaluating the role of Tcf4 in other human syndromes. Colon tumors that develop in Apc Min Tcf4 Cre mice are highly relevant to human disease and provide a unique colon cancer model for studying human CRC. Further, analysis of the molecular mechanisms that underlie colon tumor formation in these mice may reveal targets for therapeutic intervention. 
